ABSTRACT This paper studies the coordinated direct and relay transmission (CDRT) in the non-orthogonal multiple access network, which consists of a base station (BS), a cell-center user (CCU), a cell edge user (CEU), and a group of half-duplex relays. During each transmission, the BS sends information to the CCU directly and to the CEU with the help of one of the relays. To improve the transmission reliability, a novel dynamic detection CDRT (DD-CDRT) strategy is designed, which fully exploits the available side information to eliminate the inter-user interference. Based on the DD-CDRT strategy, we further propose a relay selection scheme which maximizes the CCU's successful decoding probability with guaranteeing the reliable reception of the CEU. To evaluate our designs, exact and asymptotic outage probabilities are derived for each user. The results show that the achievable diversity order for the CEU is equal to the number of relays. Meanwhile, the CCU achieves a diversity order as one. Specifically, when the system sum rate is relatively small or the relay number is large enough, the outage performance of the CCU can approach the performance of the interference-free situation. Finally, the numerical results are presented to verify the theoretical analysis and to demonstrate the advantages of the DD-CDRT strategy using the proposed relay selection scheme.
I. INTRODUCTION
Due to its ability to achieve significant improvements on spectral efficiency, non-orthogonal multiple access (NOMA) is recognized as a promising candidate multiple access scheme for the future mobile networks [1] - [4] . Compared with conventional orthogonal multiple access (OMA) schemes, NOMA allows multiple users to share the same time/frequency/code resource block by utilizing the superposition coding at the transmitter and the successive interference cancellation (SIC) at receivers [5] - [7] .
More recently, the research on NOMA has been extended to the integration of NOMA with various existing research
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fields, e.g., multi-antenna-assisted NOMA [8] , NOMA-based cognitive radio networks [9] , [10] , self-sustainable NOMA networks with energy harvesting [11] , and NOMA networks secured by physical layer security [12] . Specifically, in order to extend the service coverage and exploit the spatial diversity, cooperative NOMA has drawn a great deal of research efforts [13] - [20] . Considering a single-relay NOMA network, the outage performance of each user was analyzed in [13] , where one of the source's antennas is selected to maximize the channel gain between the source and the relay. Inspired by this work, the authors in [14] further evaluated the system performance by taking the direct link transmission into consideration, and proposed two user-ordering schemes to enhance the transmission reliability. Furthermore, based on whether relay pre-detection and user feedback are available, three relaying schemes were developed in [15] . To evaluate the performance of the proposed schemes, outage probabilities and average throughput of the paired users were derived under each scheme. For multi-relay networks, a twostage (TS) relay selection scheme was developed to fully utilize the degree of freedom brought by NOMA and relay cooperation [16] . This work was further extended in [17] . By evaluating the outage performance under both half-duplex (HD) and full-duplex (FD) relay scenario, an interesting result was revealed, namely, the HD relay outperforms the FD relay when the transmit power is sufficiently high. Considering the interference channel model, the authors in [18] proposed a novel cooperative transmission paradigm, where a pair of relays simultaneously serves two users by utilizing the dirty paper coding. The work in [19] proposed a twophase cooperative NOMA unicast-multicast strategy, where successfully decoded multicast users serve as relays to help other users. The performance of the proposed strategy was evaluated under both fixed and dynamic power allocation schemes. In [20] , an adaptive multiple access scheme was studied in FD user cooperative NOMA networks, in which the access mode is selected among cooperative NOMA, traditional NOMA, and OMA.
On the other hand, coordinated direct and relay transmission (CDRT), which aggregates communication flows on the same resource block, is another effective approach to improve the spectrum efficiency [21] , [22] . In exchange for such a benefit, CDRT inevitably introduces interference between communication flows, which may offset the benefit or even degrade the system performance. Thus, the main challenge in the realization of CDRT lies in two aspects, namely, how to get the side information of interference signal and how to realize interference elimination with the side information. Coincidentally, the features of NOMA open a shortcut for the realization of CDRT. First, due to the superposition coding in NOMA networks, one user with the better channel condition always decodes other users' messages first before detecting its own [13] - [20] . This makes the user inherently possess the side information without additional signaling interaction. Second, as an important technique in NOMA networks, SIC enables users to eliminate interference.
Along this line of thought, the authors in [23] , [24] designed a NOMA-based CDRT strategy for relay-aided NOMA networks, where the base station (BS) communicates with a cell-center user (CCU) through the direct link, while communicating with a cell-edge user (CEU) via a HD-relay. Similar with the conventional two-phase transmission in cooperative NOMA networks, the BS first broadcasts a superimposed signal for both the CCU and the CEU in the first time lot, and the CCU decodes its own message after decoding and removing CEU's message from the received signal. The particularity of this NOMA-based CDRT strategy is that, when the relay is forwarding signal to the CEU in the second time slot, the BS transmits a new signal to the CCU rather than keeping in silence. Although the CCU receives this new signal with severe interference introduced by relay forwarding, CCU can perform interference cancellation if it has successfully obtained the side information of the interference signal, namely, CEU's desired signal, in the first time slot. In subsequent studies, this NOMA-based CDRT strategy was widely adopted and further extended to various scenarios, e.g., FD-relay assisted NOMA networks [25] , user cooperation NOMA networks [26] , SWIPT assisted NOMA networks [27] , and buffer-aided NOMA networks [28] . Furthermore, CDRT schemes for uplink NOMA transmissions were developed in [29] , [30] .
Although the aforementioned works in [23] - [28] have made significant contributions to the understanding of relayassisted NOMA networks with downlink CDRT, they are still limited in two aspects:
• Under the existing NOMA-based CDRT strategy, the CCU can only obtain the side information from the BS's broadcasting signal in the first time slot. Once the BS to CCU channel experiences a deep fading in the first time slot, the CCU will fail to detect the desired signal as well as the side information of the relay forwarding signal. Additionally, the transmission to the CCU in the second time slot will fail as well, since the co-channel interference caused by relay forwarding cannot be eliminated. As a result, the quality of the BS to CCU channel in the first time slot acts as the bottleneck of CCU's performance in both two time slots.
• Existing researches are limited in the single-relay scenario. However, when multiple relays are available, applying relay selection in relay networks is a simple but effective approach for improving system performance. Different from traditional relay networks, relay selection in cooperative NOMA networks with CDRT not only affects the performance of the relay's target user, i.e., the CEU, but also determines the degree of interference imposed to the CCU. Thus, relay selection schemes designed in traditional networks does not apply well in cooperative NOMA networks with CDRT. Motivated by the above observations, we focus on the design of CDRT strategy and the corresponding relay selection scheme in relay-assisted NOMA networks, where the transmission is carried out within two consecutive time slots. In the first time slot, the BS broadcasts a superimposed signal for both the CCU and the CEU. In the second time slot, one of relays forwards CEU's desired signal, while BS transmits a new signal to the CCU. Since the CCU receives imposed signals in both two time slots, it tries to obtain the side information, i.e., the CEU's desired signal, to perform SIC and further detect its own signals. The main contributions of this paper are summarized as follows:
• A novel dynamic detection CDRT (DD-CDRT) strategy is designed in the considered network, where the CCU tries to obtain the side information from both the BS's broadcasting signal and the relay forwarding signal. Consequently, the CCU still has a chance to acquire the side information even if the BS to CCU link experience deep fading in the first time slot. Furthermore, in order VOLUME 7, 2019 to further ensure the acquisition of the side information, one of two decoding orders is dynamically selected by the CCU when dealing with the signal received in the second time slot. By this approach, the potential side information can be fully exploited to enhance the transmission reliability.
• Based on the DD-CDRT strategy, we propose a relay selection scheme aiming at maximizing the CCU's successful decoding probability with guaranteeing the reliable reception of the CEU. Specifically, by jointly implement relay and decoding order selection, wireless channels under various states are wisely utilized.
• In order to evaluate the performance of the DD-CDRT strategy using the proposed relay selection scheme, we derive the closed-form expressions of the outage probability for each data stream. Further, to get more insights, the asymptotic outage probabilities are also derived. Results show that, the CEU achieves a diversity order equal to the number of relays, and the CCU achieves a diversity order as one. Furthermore, when the system sum rate is relatively small or the relay number is sufficiently large, the CCU can achieve an outage performance very close to that of the interferencefree situation. Notations: Throughout this paper, Pr[·] denotes probability; [x] + is defined as [x] + = max{x, 0}; operators ∩, ∪, and superscript c represent the intersection, union, and complement of events; ∅ denotes the empty set; \ is the operator of set substraction; | · | denotes the modulus of a complex number or the cardinality of a set; denotes being asymptotically equal to, and ∝ denotes being proportional to.
II. SYSTEM MODEL
As shown in Fig. 1 , we consider the downlink transmission from the BS denoted as S, to a CCU denoted as U C , and a CEU denoted as U E , where the two users access the channel via NOMA. Due to the path loss attenuation and/or the blockage, the direct link between S and U E is not available. Thus, the information delivery to U E is assisted by a group of N decode-and-forward (DF) relays, denoted as R 1 , R 2 , . . . , R N . Assume that, each node is equipped with a single antenna and works in the HD mode. Accordingly, a complete information transfer process spans two contiguous time slots. All the channels are assumed to experience independent but not necessarily identically (i.n.i.d) flat slow Rayleigh fading, which means the instantaneous channel gains of all the links remain unchanged within one time slot, but may vary independently from one time slot to the next. We use h S,C and h S,n to denote the channel coefficients of S − U C link and S − R n link in the first time slot, and use h S,C , g n,C , and g n,E to denote the S − U C , R n − U C , and R n − U E links in the second time slot, respectively. Throughout this paper, the notation '' '' is used to indicate variables related to the second time slot. Since Rayleigh fading is assumed, h S,C ( h S,C ), h S,n , g n,C , and g n,E follow complex Gaussian distribution with zero mean, and their variances are represented by S,C , S,n , n,C , and n,E , respectively. Moreover, the noise at each receiver is modeled as zero mean additive white Gaussian noise (AWGN) with the same variance σ 2 .
A. TRANSMISSION IN THE FIRST TIME SLOT UNDER THE DD-CDRT STRATEGY
During the first time slot, S broadcasts a superimposed signal
, where x C and x E are desired signals of U C and U E , respectively, α C and α E are the fixed power allocation factors, satisfying α E > α C and α E + α C = 1 [16] .
After the broadcasting from S, the received signal at U C can be expressed as
where n C denotes the AWGN at U C . According to the principles of NOMA [1] , U C first decodes x E from the received signal by treating x C as interference. The decoding signal-tointerference-plus-noise ratio (SINR) can be written as
where ρ P S /σ 2 is the transmit signal-to-noise ratio (SNR). Further, U C carries out different operations according to the following two cases.
1) CASE-I: U C SUCCESSFULLY DECODES x E
In this case, U C performs SIC to remove x E from the received signal, and further decodes its desired signal x C with SNR shown as
Besides, U C saves x E in its cache for the use during the second time slot. 1 
2) CASE-II: U C FAILS TO DETECT x E
If U C fails to detect x E , it cannot implement SIC to further decode x C immediately. Thus, U C caches the entire received signal y S→C . On the other hand, each relay R n will have a signal observation simultaneously, which can be expressed as
where n n represents the AWGN at R n . Since the relays are deployed to specially assist the transmission from S to U E , R n only decodes x E , of which the decoding SINR can be written as
B. TRANSMISSION IN THE SECOND TIME SLOT UNDER THE DD-CDRT STRATEGY
Prior to the second time slot, one of N relays is selected to re-encode and forward x E to U E . The detailed relay selection scheme will be demonstrated in Section III. Without loss of generality, we here assume R n is selected. By expressing the relay transmit power as P R = ηP S , the received signal of U E can be given as
where n E is the AWGN at U E during the second time slot. Accordingly, the received SNR of U E can be expressed as
Meanwhile, to fully utilize the wireless channel, S transmits a new signal x C to U C with its transmit power P S , which will be interfered by the relay forwarding signal. As a consequence, U C will observe a mixture signal shown as
where n C denotes the AWGN at U C in the second time slot.
Corresponding to the two cases in the first time slot (two possible decoding results of x E ), U C deals with the mixture signal diversely.
1) FOR CASE-I
U C first utilizes channel coefficient g n,C and x E saved in its cache to eliminate signal part of x E from y (S,n)→C . Afterwards, U C can decode its desired signal x C with SNR shown as
2) FOR CASE-II U C tries to detect both x C and x E from y (S,n)→C . Since x C and x E are delivered through different channels, it is uncertain which message should be detected first. Therefore, one of the following two decoding orders can be employed:
• Order-1: U C preferentially decodes x E with SINR shown as
If U C decodes x E successfully, it performs SIC and further decodes x C with SNR given in (9).
• Order-2: U C first decodes x C with SINR shown as
After a successful detection of
Furthermore, if U C successfully decodes x E in this case, it eliminates x E from the cached signal y S→C , and decodes x C with SNR given in (3) .
From (9)- (12), we have the observation that Order-1 should be adopted when a relay with strong interference link (R n -U C link) is selected; Adversely, Order-2 is more applicable if we choose a relay with a weak interference link. Therefore, the relay selection and the decoding order selection should be jointly considered, which will be further discussed in Section III.
Additionally, in certain channel conditions, no relay is eligible for being selected to forward information. When none of relays is selected to forward information, transmission to U E falls in outage, and U C can receive an observation of x C without interference, which is expressed as
Naturally, U C can directly decode x C with SNR given in (9) . In this paper, we focus on the communication scenario that both U C and U E require delay sensitive services. Thus, outage probability is utilized as performance metric. In order to manifest whether a signal can be successfully decoded, we define γ th C 2 r C − 1 as the decoding threshold of x C and x C , where r C is the target rate of U C . As x E is delivered via a HD relay, the decoding threshold of x E is defined as γ th E 2 2r E −1, where r E is the target rate of U E . If the decoding SNR/SINR of a signal is not lower than the corresponding threshold, the information can be correctly decoded. Otherwise, an outage will happen. Since many symbols are defined in this section, we summarize the key ones in Table 1 for clarity.
III. PROPOSED RELAY SELECTION SCHEME
Considering that relays are dedicatedly deployed for assisting U E , we develop a relay selection scheme to maximize the transmission quality of U C with guaranteeing the reliable reception of U E .
In specific, the proposed relay selection scheme is performed over a TS mechanism, where the first stage is to VOLUME 7, 2019 construct a relay set R in which the relays can successfully decode x E and provide a reliable signal forwarding to U E . Accordingly, R can be expressed as (14) where N is used to represent the index set of all the relays, i.e., N {1, 2, . . . , N }. If R is empty, all the relays in the network cannot afford a successful signal forwarding to U E . Thus, no relay will be selected during this transmission period to save relays' energy and avoid imposing interference on U C . On the contrary, if R is not empty, the second-stage relay selection will be performed to choose one relay from R aiming at enhancing the transmission quality of U C 's desired signals.
Recall that, there exist two possible results of decoding x E at U C in the first time slot, which are referred to as Case-I and Case-II. Moreover, based on different cases, U C will differentially process the received signals in the second time slot. Thus, we discuss the second-stage selection for each case in the following.
A. RELAY SELECTION IN CASE-I
In this case, U C can remove x E from its received signals y S→C and y (S,n)→C , and further decode x C and x C without interference. It is worth to note that, whether x C and x C can be successfully decoded in this case only relies on the quality of S − U C link. Thus, in this case, outage performances of x C and x C cannot be further improved through relay selection. In other words, we only need to consider the impact of relay selection on the outage performance of x E . Since each relay in R can afford a successful signal forwarding to U E , randomly selecting a relay from R is optimal.
B. RELAY AND DECODING ORDER SELECTION IN CASE-II
If Case-II happens, one decoding order and one relay should be jointly selected to maximize the successful decoding probability of U C 's desired signals. Different from traditional networks, two signals, namely x C and x C , are delivered to U C during one transmission period, and their transmission qualities are simultaneously influenced by the relay and decoding order selection. Motivated by this fact, the expressions of successful decoding probabilities are first studied to find the connection between the successful decoding events of the two signals. Then, through the mathematical analysis, we obtain the selection scheme adapted to the considered network.
For the clarify of the presentation, we use d = 1, 2 to indicate Order-d is chosen, and use m to denote one random non-empty subset of N . Further, given R = m and Case-II happening, when R n and Order-d are selected, the conditional probability that U C successfully decodes x C can be written as
where the notation A d,n is used to represent the event that U C can decode x E in the second time slot when Order-d and relay R n are selected. In specific, we have
Moreover, the second equation in (15) is obtained from the channel independence and the following event equivalence,
On the other hand, as for successfully decoding x C under the same conditions, the conditional probability can be given as
where B d,n represents the event that U C can decode x C in the second time slot when Order-d and relay R n are selected, and the second equation is also guaranteed by channel independence. Similarly, B d,n can be specifically given as
From (15) and (19), we have the observation that, under Case-II, the maximization of the successful decoding probability of x C ( x C ) is equivalent to the maximization of the probability that event A d,n (B d,n ) happens. Inspired by this fact, we develop the following conclusion.
Proposition 1: Given a selected relay R n , there exists one optimal Order-d * , which can simultaneously maxi-
where λ 1,n and λ 2,n are weighting coefficients of relay R n , defined as
Proof: The proof is presented in Appendix A. Corollary 1: Employing the decoding order selection obtained from Proposition 1, when R n is selected, the maximized conditional probability of successfully decoding x C is given as
where Pr[A d * ,n ] can be calculated as
Besides, the maximized conditional probability of successfully decoding x C can be written as P
The proof can be seen in Appendix B. Equations (25) and (27) reveal the fact that, to get the most assurance for detecting x C , we need to choose the relay which maximizes Pr[A d * ,n ], i.e., the probability that U C can decode 2 The reason for not selecting the decoding order according to the carried power of x C and x E is two-folds. First, besides the power of two signals, r C and r E also affect the decoding result. Second, only x C contains U C 's interested message. Thus, once x E cannot be obtained by U C (namely max d=1,2 λ d,n < 1), U C can abandon the decoding of x E , and decode x C with tolerating the interference, i.e., d * = 2.
x E received from R n . On the other hand, to maximize the probability that x C can be successfully decoded, the probability given in the second equation of (27) should be maximized via relay selection. Based on above observations, we have the following proposition. Proposition 2: Given the decoding order selection result d * for each relay R n (n ∈ R), the optimal relay selection, which simultaneously maximizes Pr[A d * ,n ] and Pr[ γ
where µ 2,n is the third weighting coefficient of each relay R n , defined as
Proof: The proof is presented in Appendix C. By combining the conclusions given in Proposition 1 and Proposition 2, we obtain the optimal joint decoding order and relay selection scheme given in the following Corollary.
Corollary 2: The optimal joint decoding order and relay selection, which simultaneously maximizes P
where {λ 1,n , λ 2,n , µ 2,n } is a set of weighting coefficients of each relay R n , as defined in (23) (24) and (29) . Proof: By combining (22) and (28), and performing some manipulations, this Corollary can be easily obtained.
Remark 1: The selection criteria given in Corollary 2 can be intuitively explained as follows:
• If there exists one R n − U C link which is strong enough for U C to first decode x E , i.e., λ 1,n ≥ 1, the corresponding R n and Order-1 will be selected. As a result, U C can perform SIC and further decode x C and x C without interference. Naturally, the reception qualities of x C and x C are both optimized.
• If there exists one R n − U C link which is moderate (neither too strong nor too weak), i.e., λ 2,n ≥ 1, by choosing this relay, U C can decode its desired information x C and the side information x E with Order-2. Further, by utilizing x E for SIC, the reception quality of x C is also optimized.
• If all the R n − U C links fall in deep fading, i.e., max d=1,2,n∈R λ d,n < 1, x E cannot be obtained by U C in the second time slot. As a consequence, transmission of x C must be in outage, and x C can only be decoded with tolerating the interference. Under this condition, the relay with the weakest R n − U C link and Order-2 are selected to maximize the reception quality of x C . 
C. IMPLEMENTATION OF THE PROPOSED RELAY SELECTION SCHEME
We notice that, since the Case-I (R = ∅ and U C has decoded x E in the first time slot) results in randomly relay selection, there is no need to specially design implementation procedures for Case-I. Instead, the selection in Case-I can be incorporated into the selection in Case-II. Thus, the selection scheme can be simplified as: if R = ∅, no relay will be selected; otherwise, selection is performed according to (30) . 4 To realize the proposed relay and decoding order selection scheme, we design a distributed implementation method following the rationale in [6] , [31] , [32] . As shown in Fig. 2 , three minislots, locating between two transmission time slots, are used to realize the selection procedure. The minislots are with duration t 0 , t 1 , and t 2 (constants much less than the duration of a transmission time slot [6] , [31] , [32] ), respectively. The detailed selection procedure is stated as follows.
1) In the first minislot, each relay R n acquires channel gains | h S,C | 2 , | g n,C | 2 , and | g n,E | 2 , in order to calculate its weighting coefficients λ 1,n , λ 2,n , and µ 2,n , and to decide whether it belongs to R 5 . Inspired by [33] - [35] , these channel state information can be obtained by following steps. i) U C broadcasts a pilot to relays, based on which each relay R n estimates g n,C . ii) U E broadcasts a pilot to relays, based on which each relay R n estimates g n,E . iii) S transmits a pilot to U C , then U C forwards this pilot to relays. After receiving this forwarded pilot, each R n estimates h S,C given its knowledge of g n,C obtained in the first step. 2) In the second minislot, each R n belonging to R and satisfying max d=1,2 λ d,n ≥ 1 starts a virtual timer initiated by τ
(1)
If there exist such relays, the relay n * = arg max d=1,2,n∈R λ d,n will count down its virtual timer to 0 first in time duration t 1 . Then, relay R n * broadcasts a flag signal to announce selection completion and d * = arg max d=1,2 λ d,n . After receiving this flag signal, other relays stop counting and remain silence during the second time slot, and the selection procedure in the third minislot is canceled. On the contrary, if no relay broadcasts the flag signal during the second minislot, selection in the third minislot begins. 3) In the third minislot, each R n in R starts the virtual timer initiated by τ (2) n = t 2 exp(−µ 2,n ) < t 2 . As a result, the relay n * = arg max d=2,n∈R µ 2,n will count down its virtual timer to 0 first, and broadcast a flag signal to announce selection completion and d * = 2. Similarly, other relays keep in silence during the transmission in the second time slot. Moreover, if once again no relay broadcasts the flag signal in the third minislot, no relay will be selected since event R = ∅ happens. It can be observed that, only four pilots and at most one flag signal are utilized in the selection procedure. Moreover, since the flag signal only need to indicate the value of the binary variable d * , one-bit codeword is sufficient to encode this flag signal. Thus, it is reasonable to assume that the selection procedure causes relatively small signaling and energy cost, and its impact on system performance can be ignored.
IV. PERFORMANCE ANALYSIS
To evaluate the DD-CDRT strategy using the proposed relay selection scheme, in this section, we derive the outage probability of each data stream. Moreover, the asymptotic results are also given to gain more insights.
A. EXACT OUTAGE PROBABILITY
With the proposed relay selection scheme, U E fails to decode x E only when R is empty. Consequently, the outage probability of x E at U E can be formulated as
where th E is defined as th
, and α E − α C γ th E > 0 is the NOMA operating condition [16] . Recall that, channel gains |h S,n | 2 and | g n,E | 2 follow independent exponential distribution with means S,n and n,E , respectively. Thus, the closed-form expression of P out x E can be calculated as
where ϕ n is defined as ϕ n th E S,n + γ th E n,E η , ∀n ∈ N . On the other hand, according to the DD-CDRT strategy using the proposed relay selection scheme, and by utilizing the Law of Total Probability, the outage probability of x C can
be formulated as
where the first probability corresponds to the outage event when R is empty, i.e., a failure in either decoding x E or x C in the first time slot will lead to the outage of x C . The second probability describes that when relay forwarding exists and Case-I happens, the only reason for x C 's outage is a weak S − U C link in the first time slot. The last probability represents the outage event when relay forwarding exists and Case-II happens. In this situation, x C can be successfully decoded only when x E can be obtained in the second time slot and x C can be decoded from the cached signal y S→C after SIC. Similarly, the outage probability of x C can be written as
In (36), the first probability represents the situation that x C is received without interference. The second probability is derived from the situation that, although relay forwarding exists, U C can eliminate the interference by utilizing the cached x E . The last probability is for the event that, when relay forwarding exists and Case-II happens, U C fails to decode x C from the mixture signal received in the second time slot. Based on (35) and (36), we have the following Theorem.
Theorem 1:
Under the proposed relay selection scheme, the exact closed-form expressions for outage probabilities of x C and x C are shown as
and
respectively. In (37) and (38), χ 1 (m) and χ 2 (m) are calculated as (33) and (34), as shown at the top of the this page, where constant a and b are defined as a γ th C (1 + γ th E ) and b γ th C (1 + γ th E )/(1 − γ th C γ th E ), respectively, k, l, and q are defined as random subsets of N 6 . Furthermore, θ z (z denotes any subset of N ) is defined as
and function β(X , Y ) is defined as
Proof: The proof is presented in Appendix D. 6 Note that, k, l, and q can be empty sets, which are different from m. VOLUME 7, 2019 
B. ASYMPTOTIC RESULTS
For further insights, we derive the asymptotic results of the outage probabilities. By utilizing
for x → 0, the asymptotic result of P out
x E
given in (32) can be easily obtained as
Following the definition of diversity order, i.e., d = − log 10 P out / log 10 ρ, the achievable diversity order of x E under the proposed relay selection scheme is N . As for P out 
where ε is a constant with regard to ρ, defined as
Proof: The proof is presented in Appendix E. According to (44) and (45), the achievable diversity orders of x C and x C are both one.
Remark 2:
We consider an ideal situation that U C can decode x C and x C without interference introduced by x E , which is referred to as the interference-free situation. By ignoring the interference terms in U C 's received signals shown in (1) and (8), the outage probabilities of x C and x C under the interference-free situation are calculated as
By comparing (47) and (48) with the results given in Corollary 3, we have the following conclusions:
• When U C and U E request a low sum rate, i.e., γ th C γ th E ≤ 1, the outage probabilities of x C and x C under the proposed scheme can approach the outage probabilities in interference-free situation.
• When the sum rate is higher than a specific level, i.e., γ th C γ th E > 1, performance gaps between the proposed scheme and the interference-free situation will appear. However, with the increase of relay number N , the performance gaps can be neglected, which is shown by numerical results in Section V.
V. PERFORMANCE EVALUATION
In this section, numerical results are provided to verify the analysis, and to evaluate the DD-CDRT strategy using the proposed relay selection scheme. In simulations, S locates at coordinates (0, 0). Unless otherwise stated, the two considered users U C and U E locate at (30, 0) and (100, 0), respectively. All the relays are randomly distributed within a circle area of which the radius is 20 and the center is at (50, 0). The mean value of the channel gains are determined by path-loss attenuation, i.e.,
where X ∈ {S, n}, Y ∈ {C, E, n}, d X ,Y is the Euclidean distance between two communication nodes, d 0 = 20 represents the reference distance, and ν = 2.7 denotes the path-loss factor. Power allocation factors at S are set as α C = 0.2 and α E = 0.8, respectively, and the power ratio is set as η = 0.5.
A. PERFORMANCE EVALUATION IN SINGLE-RELAY SCENARIO
In Fig. 3 , the outage probabilities of x C , x C , and x E are depicted with setting relay number N = 1, which aims at illustrating the performance of the DD-CDRT strategy separately from the proposed relay selection scheme. For comparison, the performances of the following strategies/situation are also depicted.
• The performance of the traditional NOMA-based CDRT strategy in [23] is adopted as Benchmark-I. In the traditional NOMA-based CDRT strategy, U C only tries to obtain x E from S's broadcasting signal, and if it fails, transmissions of both x C and x C are regarded as falling in outage. Correspondingly, the outage probabilities are written as
• The performance of the user cooperative CDRT strategy in [26] is plotted as Benchmark-II. In the user cooperative CDRT strategy, one additional CCU, denoted as U R , is introduced and acts as a potential relay to assist the transmission to U E . In this communication scenario, signals x C , x C , and x E are desired by U R , U C , and U E , respectively. Under this user cooperative CDRT strategy, S, U C , and the relay perform operations similar with those in [23] . The main difference is that, if U R has successfully decoded x E in the first time slot, it will forward x E to U E in the second time slot. Then, U E combines the received signal from the relay and U R with maximum ratio combining (MRC). If U R fails to decode x E in the first time slot, it performs signal reception in the second time slot and utilizes MRC to retry detecting x E . Since the same decoding method is adopted by U C to detect x C , the outage probability of x C under the user cooperative CDRT is equal to (50). Besides, since the outage events of x C and x E contain a variety of situations and result in complicated forms, the expressions of outage probabilities of x C and x E are omitted here. Please refer to [26, Eq. 20] and [26, Eq. 25] for details.
• The outage probabilities under the interference-free situation, given in (47) and (48), are drawn as the performance upper bound.
From Fig. 3(a) we have observations that: (i) When r C = 1 bit per channel use (BPCU) and r E = 0.5 BPCU, i.e., γ th C γ th E ≤ 1 and th E ≤ γ th C /α C are satisfied, the outage curves of x C under any of the DD-CDRT strategy and two benchmark strategies are completely consistent with the curve of interference-free situation. The reason behind this phenomenon is that, under this set of system parameters, if S − U C link (S − U R link for benchmark-II) in the first time slot is strong enough to ensure the decoding of x C after a successful SIC, U C (U R ) must be able to decode x E from S's broadcasting signal as well. Thus, whether x C falls in outage is only determined by the quality of S −U C link (S −U R link) in the first time slot. (ii) When r C = 1 BPCU and r E = 0.9 BPCU, i.e., γ th C γ th E > 1 and th
, performance gaps appear among the three CDRT strategies and the interferencefree situation. It can be seen that, the designed DD-CDRT strategy shows a better performance than the Benchmark-I, since the DD-CDRT strategy can utilize x E received in the second time slot to facilitate the SIC process. Meanwhile, the DD-CDRT strategy shows a slightly worse outage performance than the Benchmark-II, since in our design signal combining is not considered at U C for operational simplicity. Thus, the results in this paper can be viewed as a lower bound for the case with signal combining, and our design can be adopted as an alternative method of MRC with slight performance loss. (iii) As we continue to increase r E to 1.1 BPCU, x E becomes more difficult to be decoded. As a result, the curves of the designed DD-CDRT strategy and the benchmark strategies deviate much more from the curve of the interference-free situation.
The outage probabilities of x C are shown in Fig. 3(b) . We can see that, when r E = 0.5 BPCU, the DD-CDRT strategy achieves the similar outage performance (with negligible difference) with the interference-free situation. Meanwhile, the benchmark strategies show higher outage probabilities. This result can explained follows: When γ th C γ th E ≤ 1, x E can always be decoded under the DD-CDRT strategy in the second time slot. Thus, whether x C is in outage is mainly determined by S − U C link in the second time slot. On the contrary, for the successful decoding of x C , the benchmark strategies require a strong S − U C link lasting for two time slots, which is a more strict condition. Furthermore, when r E continuously increases, phenomena similar with those of x C will occur, i.e., performance gaps between the three CDRT strategies and the interference-free situation will appear and further increase.
The outage probabilities of x E are depicted in Fig. 3(c) . It can be seen that, the DD-CDRT strategy and the Benchmark-I achieve the same outage performance of x E , and the achievable diversity orders under these two strategies are equal to one. Moreover, Benchmark-II achieves the best outage performance of x E and a diversity order as two. This is because, in the DD-CDRT strategy and the Benchmark-I, the transmission to U E is assisted by the relay deployed in the network. In Benchmark-II, besides the relay node, one user U R opportunistically acts as another relay node to assist the transmission to U E . By this approach, the outage performance can be greatly improved.
B. PERFORMANCE EVALUATION IN MULTIPLE-RELAY SCENARIO
In Fig. 4 , the network outage performance is illustrated with implementing both the DD-CDRT and the proposed relay selection scheme. Moreover, since the traditional NOMA-based CDRT strategy was proposed in the singlerelay network, to make it applicable for multi-relay networks, the traditional NOMA-based CDRT is combined with the max-min scheme given in [36] . For comparison, this combination is adopted as Benchmark-III. We notice that, utilizing the max-min scheme to minimize the outage probability of x E is optimal for the traditional NOMA-based CDRT strategy, because the outage performances of x C and x C under the traditional NOMA-based CDRT are not influenced by the relay number or the relay selection scheme, as shown in (49) and (50).
As shown in Fig 4(a) , the outage probability of x C decreases with the increase of transmit SNR, and converges to the asymptotic result in high SNR region. Moreover, as the relay number N increases, the asymptotic dot line gets closer to the dash line, which represents the outage performance of interference-free situation. In specific, when N = 8, the outage probability of the proposed scheme approaches that of the inference-free scenario with a negligible gap in high SNR region.
Similar phenomena can also be found in Fig. 4(b) , which shows the outage probability of x C under the DD-CDRT strategy using the proposed relay selection scheme. It is worth mentioning that, in low SNR region, the DD-CDRT strategy using the proposed relay selection scheme achieves the same outage performance of x C with the interferencefree situation. This is because when SNR is relatively low, the relays can rarely afford a reliable forwarding of x E , i.e., R is always empty. Thus, no interference will be imposed to the transmission of x C under the DD-CDRT strategy using the proposed relay selection scheme. When the SNR is in the medium region, another phenomenon occurs, i.e., the outage probability will increase as the transmit SNR or the relay number increases. This is because, the probability that relay cooperation is activated increases rapidly in the medium SNR region. In contrast, the ability of U C to eliminate the interference does not grow that fast.
In Fig. 4(c) , the outage performance of x E is demonstrated. It can be seen that, the DD-CDRT strategy using the proposed relay selection scheme achieves the same performance with the combination of the traditional NOMA-based CDRT and the max-min scheme. In specific, the two strategies both Comparison among the proposed relay selection scheme, the OSRS scheme, the TS max-link scheme, and the TS min-link scheme, in terms of outage probability of (a) x C (b) x C and (c) x E with varying transmit SNR, under r C = 1 BPCU, r E = 1.1 BPCU. The coordinate of U C is set as (30, 0) or (50, 0).
achieve full diversity order and the minimum outage probability of x E in the considered network.
C. COMPARISON FOR RELAY SELECTION SCHEMES
In Fig. 5 , we compare the proposed relay selection scheme with the following existing schemes, while the transmission process follows our designed DD-CDRT strategy.
• One-stage relay selection (OSRS), which follows the rationale of the OSRS scheme in [17] and selects a relay which maximizes the minimum among received SNR/SINR of x E at R n , U E , and U C , i.e.,
• TS max-link scheme, which is inspired by the TS relay selection scheme proposed in [16] . In specific, the first stage is to construct a relay set in which each relay ensures the reception of U E , i.e., R given in (14) . The second stage is to select the relay from R, which has the strongest R n − U C link, i.e.,
• TS min-link scheme, which follows the rationale of the TS relay selection scheme in [17] : The first stage is to construct relay set R; the second stage is to select one relay to maximize the received SINR of x C at U C , which is equivalent to select the relay with the worst R n − U C link. The TS min-link scheme can be written as
Furthermore, since OSRS and TS max-link scheme always choose the relay with a strong R n − U C link, Order-1 is accordingly selected to first decode x E . On the contrary, Order-2 is more proper for the TS min-link scheme. Fig. 5(a) and Fig. 5(b) depict the outage probabilities of x C and x C as a function of the transmit SNR, respectively. It can be observed that, the OSRS scheme achieves the similar outage performance with the TS max-link scheme since they both maximize the received SINR of x E at U C in the second time slot. In addition, when U C locates at (30, 0), the TS min-link scheme outperforms the OSRS scheme and the TS max-link scheme. Contrarily, when U C locates at (50, 0), i.e., U C moves closer to relays, the OSRS scheme and TS max-link scheme show a better performance. The reason for this phenomenon can be explained as follows. When U C is relatively far from the relays, the received x E at U C in the second time slot always carries a low power. Thus, it is more proper for U C to decode x C first and correspondingly choose a relay with weak R n − U C link. When U C is close to the relays, the received x E may carry greater power than the desired signal x C . Thus, choosing a relay with strong R n − U C and first decoding x E is more suitable. Furthermore, by adaptively choosing the proper relay and the decoding order, the proposed relay selection can fully utilize the R n − U C link under various states. As a result, it always achieves the best performance. Fig. 5(c) plots the outage probabilities of x E at U E achieved by the compared relay selection schemes. It can be seen that, the proposed relay selection scheme and the two TS schemes achieve the optimal outage performance for x E , since they all preferentially guarantee the transmission quality of x E by VOLUME 7, 2019 constructing the relay set R. However, the outage performance of the OSRS scheme is limited by the term γ x E (S,n)→C in (51), which restricts the achievable diversity order of x E to one. Fig. 6 shows the system outage throughput achieved by various CDRT strategies and relay selection schemes, where Fig. 6(a) and Fig. 6(b) are depicted under single-relay and multiple-relay scenarios, respectively. From the perspective of theoretical analysis, the system outage throughput, denoted as τ , can be calculated as
D. SYSTEM OUTAGE THROUGHPUT
of which the result can be easily obtain by substituting the outage probabilities given in (32), (37) , and (38). Clearly, when all the outage probabilities in (54) are equal to zero, we obtain the upper bound of the system outage throughput as τ ub = r E + r C . As shown in Fig. 6(a) , in single-relay scenario, the DD-CDRT strategy and Benchark-II outperform the Benchmark-I, and all their achieved throughput converge to τ ub when the transmit SNR increases to 50 dB.
Furthermore, when the transmit SNR is lower than 30 dB, the DD-CDRT strategy achieves higher throughput than the Benchmark-II; when the transmit SNR is higher than 30 dB, the opposite happens. The reason behind this phenomenon is that, compared with Benchmark-II, the DD-CDRT strategy effectively improves the outage performance of x C and achieves close outage performances of x C and x E , when the transmit SNR is lower than 30 dB. Whereas, when the transmit SNR increases continuously, the advantage that Benchmark-II achieves a second order diversity at U E becomes significant. Thus, the rapidly decreasing outage probability of x E leads to a higher system throughput. For the multi-relay scenario, it can be seen from Fig. 6(b) that, the DD-CDRT strategy with the proposed relay selection scheme can achieve the best throughput performance when the transmit SNR is larger than 20 dB. Meanwhile, the DD-CDRT with OSRS achieves lowest throughput due to the outage performance loss of x E .
VI. CONCLUSION
This paper has designed a novel DD-CDRT strategy in cooperative NOMA networks, which can fully exploit the potential side information to eliminate the inter-user interference. Since the proposed DD-CDRT strategy is capable for aggregating different data flows on the same wireless channel, it can be applied to 5G heterogenous networks to coordinate the transmissions among various network tiers. Moreover, based on the DD-CDRT strategy, we have proposed a relay selection scheme which maximizes the CCU's successful decoding probability with guaranteeing the reliable reception of the CEU. To evaluate the performance of the DD-CDRT strategy with the proposed relay selection scheme, exact and asymptotic outage probabilities have been derived for each user. Results show that the achievable diversity order for the CEU is equal to the number of relays. Meanwhile, the CCU achieves a diversity order as one. In addition, the CCU can achieve an outage performance close to that of the interference-free situation, as long as the system sum rate is relatively small or the relay number is large enough. 
,n ] achieve their maximum value when the conditional probabilities are maximized. We first consider the case that max{λ 1,n , λ 2,n } < 1, which is equivalent to event A c 1,n ∩ A c 2,n happening. As a result, Pr[A d,n | max{λ 1,n , λ 2,n } < 1] equals 0 for both d = 1 and d = 2. In other words, we only need to concentrate on maximizing Pr[B d,n | max{λ 1,n , λ 2,n } < 1]. Meanwhile, since B 1,n ⊂ A 1,n , which can be seen from (16) and (20), Pr[B 1,n | max{λ 1,n , λ 2,n } < 1] equals 0. Thus, Order-2 is the optimal selection result when max{λ 1,n , λ 2,n } < 1.
Considering the case that max{λ 1,n , λ 2,n } ≥ 1, i.e., event A 1,n ∪ A 2,n happens, we discuss the decoding order selection in two subcases. In the first subcase that λ 1,n > λ 2,n , we have Pr[A 1,n | max{λ 1,n , λ 2,n } > 1, λ 1,n > λ 2,n ] = 1. As a consequence, Order-1 is the optimal choice for decoding x E . On the other hand, given λ 1,n > 1, we have
since B 2,n = γ
S→C ≥ γ th C . Thus, Order-1 is also optimal for decoding x C . For the subcase that λ 1,n < λ 2,n , straightforwardly we have Pr[A 2,n | max{λ 1,n , λ 2,n } > 1, λ 1,n < λ 2,n ] = 1 and Pr[B 2,n | max{λ 1,n , λ 2,n } > 1, λ 1,n < λ 2,n ] = 1. Thus, Order-2 is optimal for both decoding x E and x C in the second subcase. Summing up the above analysis, the proof is completed.
APPENDIX B PROOF OF COROLLARY 1
Under the proposed decoding order selection criteria, x E cannot be decoded in the second time slot only when event A c 1,n ∩ A c 2,n happens. Thus, we obtain the probability expression in (26) .
On the other hand, Pr B d * ,n can be calculated as
Furthermore, in Appendix A, we have obtained three conclusions: (i) when max{λ 1,n , λ 2,n } < 1, B 1,n is an impossible event, which leads to B 2,n = B 1,n ∪ B 2,n ; (ii) when max{λ 1,n , λ 2,n } ≥ 1 and λ 1,n > λ 2,n , we have B 2,n ⊂ B 1,n , which results in B 1,n = B 1,n ∪ B 2,n ; (iii) when max{λ 1,n , λ 2,n } ≥ 1 and λ 1,n < λ 2,n , B 2,n is a certain event, which ensures B 2,n = B 1,n ∪ B 2,n . Consequently, we can rewrite (58) as
Further, by substituting (20) and (21) into (59), and utilizing the Law of Total Probability, Pr[B d * ,n ] can be calculated as
where equation (v) is guaranteed by the event exclusion and γ
The proof is completed.
APPENDIX C DERIVATION OF PROPOSITION 2
First, we divide R into the following two subsets,
where R 1 and R 2 satisfy R 1 ∪ R 2 = R and R 1 ∩ R 2 = ∅. Moreover, for R n of which n ∈ R 1 , we have λ d * ,n = max d=1,2 λ d,n ≥ 1. On the contrary, for R n where n ∈ R 2 , we have max d=1,2 λ d,n < 1 and λ d * ,n = λ 2,n . Next, we consider the case that R 1 is not empty, which is equivalent to max n∈R λ d * ,n ≥ 1. At this point, R 1 as least contains one entry n * = arg max n∈R λ d * ,n . Thus, by choosing n * , conditional probability Pr[A d * ,n * |R 1 = ∅] achieves the maximum value as 1. Meanwhile, we have Pr γ
holds for arbitrary n ∈ R. Consequently, when condition max n∈R λ d * ,n ≥ 1 is satiesfied, n * = arg max n∈R λ d * ,n is the optimal choice which simultaneously maximizes Pr[A d * ,n ] and Pr[ γ
Next, we consider the case that R 1 is empty, which leads to Pr[A d * ,n |R 1 = ∅] = 0 for all relays in R. Consequently, we have Pr γ
As a result, we have the optimal relay selection as n * = arg max n∈R 1/| g n,C | 2 . Summarizing the above conclusions, the proof is completed.
APPENDIX D PROOF OF THEOREM 1
By utilizing the mutual exclusion and independence of events, (35) can be simplified as
Recall that channel gains follow independent exponential distributions, we have the following calculations
Pr γ
Furthermore, according to the relay selection criteria given in Proposition 2, given R = m, the event A c d * ,n * is equivalent to max n∈m λ d * ,n < 1, which is also equivalent to event A c d * ,n occurs for all n ∈ R. Thus, Pr A c d * ,n * |R = m can be calculated as
If system parameters satisfy γ th C γ th E ≥ 1,
ρη always holds for any x ∈ (0, ∞). Thus, when γ th C γ th E ≥ 1, (70) can be further calculated as
where I 1 and I 2 are given by 
By utilizing χ 1 (m) to represent the combination of (71) and (75), and substituting (66)- (69) into (65), we obtain (37). With similar steps in calculating (65) and χ 1 (m), we can obtain (38) and χ 2 (m) given in (34) . The proof is completed.
APPENDIX E PROOF OF COROLLARY 3
By applying (41) and (42) in (37), we have 
for ρ → ∞, where χ 1 (m) is used to represent the asymptotic result of χ 1 (m). Further, by ignoring high order infinitesimals in the summation, we obtain 
Next, we focus on the calculation of χ 1 (N ). For the situation that γ th C γ th E > 1, by utilizing (41) and (42) 
Further, an arbitrary random k satisfying N ⊇ k ⊇ l can be expressed as k = l ∪ v, where v is defined as a random subset of N \l. Thus, given a specific l ( = N ), we have 
For the situation that γ th C γ th E ≤ 1, it is difficult to directly calculate χ 1 (N ) from (33) . Thus, we resort to first calculate the asymptotic result of χ 1 ({n}), i.e., the result of Pr[A c d * ,n * |m = {n}]. By substituting m = {n} into (33) and applying (41) and (42), we have 
According to (70), the following inequality χ 1 (N ) ≤ χ 1 ({n}) (85) VOLUME 7, 2019 always holds for any n ∈ N . Thus, we have the conclusion that, when γ th C γ th E ≤ 1, χ 1 (N ) is an infinitesimal of 1/ρ with order not less than 1. By substituting the above conclusions into (79) and ignoring high order infinitesimals, (44) can be obtained.
On the other hand, the asymptotics of P out 
where χ 2 (N ) is used to represent the asymptotic result of χ 2 (N ). Following the similar steps in calculating χ 1 (N ), we can obtain conclusions: (i) when γ th C γ th E = 1, χ 2 (N ) is an infinitesimal of 1/ρ with order not less than 1; (ii) when γ th C γ th E < 1, χ 2 (N ) is an infinitesimal of 1/ρ with order not less than 2; (iii) when γ th C γ th E > 1, χ 2 (N ) is a constant equal to ε given in (46), which can be easily calculated from (34) under high SNR. Finally, by applying these conclusions in (86) and ignoring the high order infinitesimals, we obtain (45).
